Abstract: There appears to be increasing policy emphasis globally on developing innovative technologies and promoting incentives to support the take-up of alternative fuels and vehicles (AFVs) among consumers. The primary reason for this is that they potentially offer a pathway to reduce greenhouse gas (GHG) emissions and air pollution in the transport sector, without the need for contentious transport demand management measures such as road pricing or restrictive land use planning. However, despite the fact that AFVs are often seen as a panacea by policy-makers, there are a number of barriers to their widespread market penetration and diffusion. The objective of this paper is to present a framework, which can be modified and used by policy-makers to identify and qualitatively evaluate these barriers as well as potential policies that might be implemented to address these barriers. The paper concludes by assessing the strengths and weaknesses of applying this framework .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1
Introduction
The objective of this paper is to present and apply a methodological framework, which can be used to identify and qualitatively evaluate barriers to the wide-scale deployment of alternative fuels and technologies, as well as potential policies and actions that may be implemented to overcome such barriers. This evaluation is used to illustrate how such a methodological framework can be adopted by policy-makers in order to assess and prioritise policy choices.
The paper concludes by identifying the strengths and weaknesses of this methodological framework.
Alternative fuels and vehicles (AFVs) are increasingly favoured by policy-makers seeking to reduce greenhouse gas (GHG) emissions and air pollution in the transport sector (Lipman and Delucchi, 2006; Yeh, 2007) . This is because they do not seek to reduce transport demand through contentious behavioural change measures such as carbon taxes, road pricing congestion charges or planning restrictions. In addition, they offer the potential for job creation, increased security of supply, for example in the case of domestic biofuel production, and economic growth.
There are a variety of alternative fuels and technological innovations, either currently on the market or at various stages of commercial feasibility. These range from alternative fuels such as biofuels, which are compatible with current internal combustion engines (ICEs), hybrids, which allow for the retention of the ICE fuelling infrastructure while incorporating fuel efficiency attributes, to more innovative alternatives such as pure electric vehicles. Common 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 There are various economic, technological and institutional reasons why AFVs have not yet attained greater market penetration or which might constrain future diffusion. This paper seeks to identify and categorize these barriers and presents a framework for doing so. It also identifies and evaluates potential policies to address these barriers. Previous studies that were identified in this paper have not attempted to identify and evaluate both the barriers to AFVs as well as potential policies and measures that could be used to incentivise their uptake within a general framework.
Byrne and Polonsky (2001) examined the role of different stakeholder groups, including national and regional government, the corporate sector, collaborators, competitors, activist groups and consumers, and the interaction with different impediments or barriers. The primary barriers that were identified were regulatory, financial resources, lack of consumer demand, the limited availability of AFVs, fuel delivery outlets and maintenance services and adverse perceptions of vehicle characteristics such as performance, safety and image. It was 1 http://www.eia.gov/renewable/alternative_transport_vehicles/pdf/attf_V1.pdf 2 http://www.bts.gov/publications/national_transportation_statistics/html/table_01_11.html 4 concluded that adoption of AFVs was likely to be incremental. Romm (2006) identified six major barriers to AFV success, including: (a) high initial capital cost; (b) issues with onboard fuel storage and limited range; (c) safety and liability concerns; (d) high fuelling cost;
(e) limited availability of fuelling options; and (f) improvements in competition from conventional vehicles. However, this analysis did not evaluate these barriers or suggest individual policies that could be implemented to address them. Struben and Sterman (2008) examined barriers to the the diffusion of alternative vehicles by way of a formal dynamic innovation-diffusion model, which looked at the impact of driving experience, "word of mouth" and marketing. It was concluded that marketing programs and subsidies must remain in place for a sufficiently long period to allow for diffusion to become self-sustaining. Foxon and Pearson (2008) examined the barriers to the general diffusion of cleaner technologies and sustainable innovation and identified failures in infrastructure provision, transition failures, lock-in failures and institutional failures as the primary barriers.
They suggested capitalising on "windows of opportunity" and promoting a diversity of options to overcome technical and institutional "lock-in".
Other 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 This paper seeks to apply this methodology to the evaluation of AFVs by identifying barriers and classifying them according to the categories above. This categorisation can be used to broadly identify what the main barriers are.
Evaluation of Barriers
The main barriers that were identified are evaluated under a number of headings, including:
(a) Timeline, e.g. short-term, medium-term, long-term. In this case, short-term is defined as 1-2 years; medium-term is 2-5 years and long-term is 5-10 years. This relates to the potential timeframe within which the particular barrier could be overcome or at least significantly mitigated through appropriate policy actions. (e) National relevance. This relates to measures that can be dealt with by Government or local authorities or which policy-makers have autonomy over to make decisions and is expressed as a simple binary yes/no.
(f) Significance, e.g. highly significant, quite significant, low significance and not significant. Significance will be evaluated according to whether the particular barrier is likely to be an obstacle to delivering sustainable transport, depending on the particular type of action. Because there is no common parameter, this is by nature a subjective evaluation.
It is suggested that this typology allows policy-makers to decide which barriers should be tackled initially and provides a framework for concerted action over a long-term period. The timeframe typology used for both barriers and recommended policy actions is indicative only and is confined to a ten-year framework, notwithstanding that some barriers will require concerted action over a longer framework and that some policies, while introduced in the short-or medium-term may have longer-term residual effects. Figure 1 shows how barriers are prioritised. Thus, priorities would be those barriers, which can be dealt with in the shortterm by policy-makers in national Government or local authorities, which are relevant and which are highly significant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Evaluation of Policy Priorities
In order to qualitatively analyse individual policies, measures and actions and to develop an impact matrix, a number of criteria were selected. These criteria were selected on the basis that they were most determinative of the potential effect of a policy measure and cover the broad spectrum of sustainability appraisal by measuring the economic, social and environmental effects of an action as well as the administrative timeline within which to implement it. More inclusive or participatory methods could be used to modify the criteria as part of future work and increase the transparency and robustness of the methodology The criteria that were used in this appraisal include:
1. Type of policy measure required, e.g. fiscal, technical, regulatory, guidelines, education and awareness.
2. Timeline, e.g. short-term, medium-term, long-term. In this case, short-term is defined as 1-2 years; medium-term is 2-5 years and long-term is 5-10 years. This relates to the potential timeframe within which the particular policy action could be taken.
Is the barrier short-term?
Can the barrier be dealt with by national or local policy-makers?
Is the barrier relevant in a national context?
Is the barrier highly significant? 8 3. Net additional cost to consumer. This is classified using an increase in cost/reduction in cost/neutral (no effect).
4. Net additional cost to public finances (which includes central Government and local and municipal authorities). This is classified using a high/medium/low/neutral (no effect) ranking, although some policy options will be classified on the basis of "net gain in revenue", "reduction in revenue" or "reduction in cost", where appropriate.
5. Modal shift. This is classified using a high/medium/low/neutral (no effect) ranking. Low implies a modal shift from private car use to public transport, walking or cycling of less than 5% from a business as usual scenario. The "medium" ranking indicates a modal shift of between 5% and 15% and the "high" ranking indicates a modal shift in excess of 15%.
The "neutral" classification indicates that it will be unlikely that there will be any modal shift.
6. Reduction in GHG emissions. This is classified using a high/medium/low/neutral (no effect) ranking.
7. Impact on rural communities. This is classified on the basis of positive impact/negative impact/neutral (no effect). In essence, this is included for the purpose of comparative analysis but each action is assigned a "neutral ranking" although fuel cost savings may have a beneficial impact for long-distance commuters and rural dwellers. This may have an unintended effect of leading to longer vehicle kilometres travelled.
8. Impact on lower socio-economic groups. This is classified on the basis of positive impact/negative impact/neutral (no effect).
The criteria of modal shift and impact on rural communities are included for the sake of holistic evaluation and for ease of comparison with travel demand management measures, although these will de facto be neutral throughout the evaluation. In terms of potential policy instruments, measures such as education programmes, awareness campaigns or the introduction of technical guidelines might be relatively easy to implement, whereas fiscal or regulatory measures may require more complex institutional machinery and attract a certain level of public opprobrium and commercial or administrative resistance. However, the outcome of fiscal or regulatory measures is easier to predict compared with "soft measures"
such as education, training and awareness. Notwithstanding that, however, even in the long-run and with larger production tranches, the price of EVs is likely to be significantly higher than conventional vehicles due to the costs of the lithium ion battery packs. Delucchi and Lipman (2001) noted that most studies suggest that BEV purchase costs are expected to remain higher than conventional vehicle costs, even accounting for lifecycle costs, although these studies differ depending on assumptions regarding the types of vehicles, range, energy efficiency and the life and cost of the battery.
From a social equity perspective, there appears to be a positive relationship between income and hybrid adoption, which suggests that financial incentives may disproportionately benefit and effectively create a subsidy for higher income consumers. In addition, lower income consumers may be less able to afford the higher up-front premium and are more likely to discount future fuel cost savings (Diamond, 2009 ).
In general, most consumers will only opt for alternative fuels if they are price competitive with mineral fossil fuels and environmental considerations tend to be overshadowed by price and availability (Bomb et al., 2007) . However, energy-efficient AFVs such as HEVs and biodiesel fuels and found that the only biofuel that was cheaper than the equivalent fossil fuel in the European Union at that time was bioethanol from Brazilian sugarcane, although biodiesel from used oil and fat was only marginally more expensive. Demirbas (2009) concluded that the cost of feedstock is the major component of the overall cost of biofuels.
Bomb et al. (2007) point out that the main barrier to biofuels in the UK is production cost and suggest that this is not adequately compensated for via excise relief.
Some AFVs, for example flexi-fuelled vehicles (FFVs), may require costly modification.
However, this depends on the type of biofuel used. For example, low biodiesel blends up to 15-20% and 5% bioethanol (E5) can be used in ICEs in blended form and are generally granted a warranty by the manufacturer, compared with 100% vegetable oils (B100) or 85% ethanol blends (E85), which may require engine modification or retrofitting. Potential investors may also face considerable capital and operating costs. Capital and operating costs include those associated with storage capacity, handling equipment for alternative fuels, developing service stations of various types and sizes, retrofitting refuelling infrastructure, investment in distribution systems and fuel cell propulsion systems, for example in the case of hydrogen. Production and manufacturing costs vary, depending on the material, assembly, delivery and advertising costs (Ogden et al., 2004) . It is estimated that the cost of converting a current filling station to dispense 50,000 gallons of gasoline equivalent per month is $1.4 million in the case of hydrogen, $0.9 million for CNG and $0.6 million for LNG. The cost for methanol, ethanol, DME and LPG is reported to be about $200,000 while, in the case of biodiesel, conversion will not imply any cost (Agnolucci, 2007) .
Returns for investors may be affected by large sunk investments in conventional technologies and infrastructure and limited profitability of operating refuelling stations (Kemp et al., 1998) . As a result of unprofitable infrastructure and fuel retail, investors may be reluctant to enter the market or may exit an unprofitable market (Flynn, 2002) . Investors may also be reluctant to enter the market due to the uncertainty surrounding biofuel demand. This, together with the fact that other crops can give a higher return, means that land owners may be reluctant to cultivate dedicated energy crops due to the long-term commitment involved
Hammond et al. (2008).
Carriquiry et al. (2011) project that, although second-generation biofuels could significantly contribute to the future energy supply mix, cost is a major barrier to increasing commercial production in the near to medium term. Depending on various factors, the cost of secondgeneration (cellulosic) ethanol can be two to three times as high as the current price of gasoline on an energy equivalent basis. The cost of biodiesel produced from microalgae, a prospective feedstock, is many times higher than the current price of diesel. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 Public finance resources can be used to subsidise the production of AFVs, for example by taking into account reductions in external or social costs which are not currently internalised in market transactions, thus increasing their commercial feasibility. However, Governments and policy-makers may be reluctant to directly subsidise production costs and grant excise relief, particularly in the infant industry phase and/or where projections of demand are uncertain, and may be unwilling to commit the funds to sponsor research and development (R&D) in nascent technologies (Bomb et 
Technical Barriers and Market Availability
Technical barriers can occur at the corporate or systemic level and can be classified broadly as: (a) technological barriers; (b) infrastructure barriers; and (c) uncertain raw material availability. Technological barriers relate to commercially feasibility and impact on whether a potentially innovative technology can develop from an academic or industrial prototype to full mass-scale production or whether it is more limited in its scope, for example to particular technology niches, markets or scale.
In particular, it should be noted that while some alternative fuels such low-blend biofuels can be used with current internal combustion engines (ICEs), alternative powertrains such as BEVs require a technological shift away from the standard ICE and towards an innovative technology (with associated infrastructure). As a result, liquid blended biofuels are "technologically-compatible" with the incumbent vehicle market and refuelling infrastructure and can be mandated at supplier-level without any discernible consumer disruption, which offers a considerable advantage.
However, all of the AFVs highlighted above face technological barriers to some extent. For example, the high viscosity of biofuels, particularly at low temperatures, may affect performance. Use of unmodified vegetable oil may lead to engine problems such as coking, increase in tank sediments and deposits and should only be used after proper filtration ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 removal of contaminants, degumming and dewaxing. In addition, engine thermal efficiency may be diminished, leading to a perception of inferior performance associated with vehicles operating on biofuels (Agarwal, 2007) .
LPG and CNG technology is constrained by natural gas supply, distribution and safety concerns, barriers to entry, lack of available upstream facilities and competition with natural gas infrastructure (Reuster and Neumann, 2008) . CNG vehicles require a greater amount of space for fuel storage than conventional vehicles. Gas companies also differ as to whether gas should be supplied in compressed or uncompressed form. Hydrogen vehicles or FCEVs offer lower volumetric energy and well-to-tank efficiency compared to BEVs due to the energy required for compression or liquefaction and may lead to losses in storage and transmission Currently, the most developed near-term technologies are HEVs, which have reached a certain critical mass on the market, with the notable success of the Toyota Prius, followed by BEVs. First-generation biofuels, in both pure and blended form, have also attained a critical level of visibility and awareness, as a result of Government support in the form of direct excise relief, subsidies, indirect tax relief, e.g. capital allowances, and obligatory percentage or volumetric bending mandates (Sorda et al., 2010) . Second and third-generation biofuels 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   14 are not yet fully commercially feasible on a global scale (Bacovsky, 2010; Carriquiry et al., 2011 ). However, they are expected to come on the market as enzymatic technologies develop, sustainability requirements become more stringent and fossil fuel prices increase. Sims et al. (2010) suggest, however, that second generation biofuels will continue to face major constraints to overall commercial deployment due to the logistics of providing a competitive and perennial supply of biomass feedstock to a commercial-scale plant as well as improving the performance of the conversion process. As a result, third-generation biofuels cultivated from arable biomass may ultimately be the best long-term option (Singh et al., 2011 ).
Hydrogen fuel cell electric vehicles (FCEVs) are not yet widely available on the market beyond limited niche applications and demonstration programmes and commercial availability is not expected to happen before 2020 due to technological bottlenecks such as storage, material availability, durability and high costs (Frenette and Forthoffer, 2009 ).
However, technical advancements in recent years, e.g. the proton exchange membrane (PEM) fuel cell, have made FCEVs more competitive.
The primary technical barriers limit, along with other impediments, the commercial availability of AFVs, which may be considered as a consumer-level barrier. Indeed, the lack of quality and reliable AFVs at the retail phase is one of the major barriers to their adoption, as low visibility and limited public awareness hinder demand. Thus, AFVs may simply not be available on the market or may not be attractive to consumers, in the absence of positive incentives, for example due to perceptions about performance, image and functionality.
For example, pure BEVs are generally limited to passenger cars and small vans due to the size and weight of the batteries required to power the electric motor, which leads to relatively low energy density (Offer et al., 2010) . EVs in general are perceived as not having sufficient driving range and owners can experience "range anxiety", where they may feel "stranded" if refuelling facilities are not available. The distance that a BEV can be driven before it needs recharging depends on the type and number of batteries installed and can range from 30 to 120 miles. PHEVs overcome this "range anxiety" to some extent, as they are capable of running fully on gasoline when the battery becomes discharged (Benecchi et al., 2010). For this reason, they are potentially a more popular choice among consumers, who rank the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The long-term global availability of source materials such as lithium may prove to be a limiting factor for the development of EV batteries. In addition, there are constraints on the availability of platinum group metals for fuel cell vehicles (Tonn and Das, 2002) . Biofuel feedstock availability can also be limited and lead to uncertainty among producers and investors (Hammond et al., 2008) . Finally, natural gas may face the same long-term resource constraints as crude oil 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Unruh (2002) suggests that "carbon lock-in", which is where fossil fuels are embedded in the dominant institutional infrastructure, constrains policy actions and, as a result, policy-makers should create flexible policy regimes that allow for future evolution. The introduction of innovative fuels and technologies is an infrequent, uncertain and slow process, largely due to the difficulties associated with major changes in the social and economic systems in which new technologies are always embedded (Kemp, 1994 Cowan and Hulten (1996) suggest that overcoming existing lock-in requires the occurrence of a number of "extraordinary events", namely: (a) a crisis in the technology involved, (b) regulatory drivers, (c) technological breakthroughs, (d) changes in taste and consumer preferences, (e) the evolution of niche markets, and (f) scientific results.
Public Acceptability
Public acceptability of AFVs depends on a number of factors: (a) they should offer similar or superior functional attributes to existing fuels and technologies; (b) sufficient infrastructure must be in place to avoid or limit range anxiety and support maintenance, charging and refueling; (c) they should not be prohibitively expensive so that they are beyond the purchasing reach of the average consumer; (d) they should not lead to public concerns about flammability or safety; (e) they should not lead to (unintended) social, economic or environmental impacts; and (f) they should be perceived in favorable image terms.
First, innovative fuels and technologies may not be available on the market in designs that are attractive to the consumer at large or may be unsuitable for particular purposes. This is particularly prevalent with regards to EVs, where consumers have concerns about "range anxiety" and vehicles are perceived to be unsuitable for longer journeys, daily long-distance commuting and/or larger families. Consumers generally require comparable or superior performance with conventional vehicles and might have particular perceptions about reliability, performance and comfort. This can lead to inertia and scepticism among the general public or certain population cohorts due to conservative attitudes, low level of public visibility and cultural values, coupled with a lack of awareness of the incentives and benefits.
As a result, certain types and models may be publicly identified with a particular demographic and/or income bracket and, as a result, are seen as a niche or peripheral product.
This may require industry and stakeholders to inform and educate as well as "selling the benefits" through awareness campaigns (Banister, 2008) .
Secondly, there may be a lack of available qualified technicians and spare parts in the event of mechanical failure, which can reduce consumer confidence, although this can be overcome by maintaining a minimum storage buffer of key equipment and developing a network of competency. In addition, there may be excessive mark-up of parts by conversion dealers ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 exaggerated claims of environmental and economic benefits and poor design of promotional programmes (Flynn, 2002) . Thirdly, consumers will be reluctant to purchase new vehicles or fuels at the pump if they carry a price premium and are significantly more expensive than their petrol or diesel equivalent. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Policy Failures and Unintended Outcomes
Unintended economic, social or environmental impacts can occur with policy implementation, which may result in policies being abandoned or modified following a public and media backlash. UN special rapporteur on the right to food, called biofuels a "crime against humanity" and asked for a five-year moratorium on the practice of using food crops for fuel. In addition, there were a number of studies around the same time that reported that biofuel production actually resulted in a net increase in GHG emissions, depending on the nature of feedstocks and the way they are processed and distributed (Birur et al., 2007; Searchinger, 2008) .
Policy failures can also occur with policy and programme design, e.g. fleet refuelling facilities may not be located in convenient locations, while government subsidies and excise relief schemes may fail to achieve sufficient progress towards targets or on a satisfactory cost-effectiveness basis. Programme design has sometimes placed the focus on the acquisition of AFVs rather than use. For example, vehicle conversion or purchase may be undertaken to avail of preferential tax treatment, e.g. taxation relief for FFVs. 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 Furthermore, isolated demonstration projects may not necessarily lead to widespread deployment or spur the necessary technological innovation. This is exacerbated by an absence of programme support by key stakeholders such as local retailers. Instead of focusing on reducing costs and meeting customer needs, government-funded demonstration projects often focus on public relations and overtly political objectives.
Physical Barriers
Physical barriers to AFV production generally relate to restrictions on the availability of material inputs and this may ultimately be a critical constraint to the global production of, for example, electric vehicles, which may require the extraction of rare earth metals and platinum group metals as battery materials (Ball and Wietschel, 2009) An additional specific physical barrier for EVs is the provision of charging points at locations where parking is restricted, e.g. apartment blocks, terraced houses, or where there is no onsite parking. Table 1 provides an overview of the barriers to AFVs that were identified above. The evaluation was conducted by the authors by reference to empirical studies but is inherently subjective. Future work could strengthen the analysis by adopting a participatory stakeholder approach or selecting a number of jurisdictions as case-studies. All of the barriers that were identified as short-term barriers were judged to be either "not significant" or of "low significance". The exception was lack of awareness of alternative fuels and technologies, which was judged to be "quite significant". However, this could be addressed through education and awareness, targeted advertising and marketing and further research.
Comparative Evaluation
Medium-term barriers that were identified as "highly significant" include:
1. The availability of alternative fuels and technologies for sale.
2. The perception that EVs are unsuitable for longer journeys due to limited driving range, particularly where nationwide refuelling or charging infrastructure does not exist. Long-term barriers that were identified as "highly significant" include:
1. Uncertainty about biofuel feedstock or EV battery raw material availability.
2. Infrastructural challenges associated with developing infrastructure where demand does not yet exist.
3. Inherent lock-in and path dependence, i.e. where existing infrastructure prevents innovation in developing alternative fuels and technologies. Table 1 illustrates that the most significant barriers are related to the category of technical barriers, commercial feasibility and market availability, which are driven to some extent by cost and in turn impact on institutional resistance and public acceptability. In addition, it can be seen that these might be difficult to tackle at an autonomous national or local level by policy-makers and might be more relevant at an international or industrial level. The most policy-relevant barriers, which are regarded as "highly significant", include the availability of alternative fuels and technologies and home or on-street charging in the medium-term and the lack of nationwide charging and refuelling infrastructure in the long-term. In particular, charging and refuelling infrastructure must be sufficiently convenient to alleviate consumer concerns about "range anxiety" and fuelling options. Table 2 shows an evaluation of potential policies to promote AFVs. It is suggested that short-term priority could be given to free parking for a limited period of time, which might help to encourage the uptake of AFVs at medium-cost to local authorities, although it is recommended that this is time-limited. This might be necessary in order to develop a baseline level of visibility in the community and is not expected to deliver significant GHG emission reductions. Tax incentives such as vehicle taxation relief, tax-holidays, subsidies, rebates and fuel excise could deliver medium GHG reductions but at a significant cost if these were to be sustained over a longer period.
The other short-term measures that were identified all yield a low reduction in GHG emissions at low cost, with the exception of staggered payment schemes and discounted loans, which would carry no additional cost to the Exchequer as these are private sector 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   27 McDowall and Eames (2006) used scenarios and other foresight methods to sketch out a transition to a hydrogen economy and predicted that rapid transitions to hydrogen energy would only occur under conditions of strong government support or as a result of major discontinuities in societal values, coupled with "game changing" technological breakthroughs. Scenario planning can also be used to develop a coherent national transition strategy, which anticipates where investments should be made and where incentives should be targeted.
Medium-term measures that were identified include policies aimed at supporting nascent technologies and building a critical mass from an initial low baseline. It is essential that refuelling infrastructure is developed, e.g. by encouraging investor companies to construct and operate fuelling stations, through strategic planning and investment, setting standards for fuelling stations and ensuring the early profitability of fuelling stations.
Industry stakeholders should also engage in risk management, e.g. by developing a thorough plan for spare part availability through risk analysis and contingency plans, maintaining a minimum storage buffer of key equipment for maintenance, enhancing technical capacity, ensuring competent aftermarket conversions by suppliers, targeting a wide range of stakeholders and avoiding exaggerated claims and optimistic projections.
Market advertising measures might include marketing, awareness campaigns, vehicle buyers" guides, vehicle labeling, training, sales of used converted vehicles at public auction, advice to fleet managers on greening their fleets and promotional programmes to achieve visibility and "set an example" or act as a "pioneer" (AEA, 2007) . This could also involve, for example, setting a target that a certain percentage of car-related advertising in showrooms and in the national media should be related to AFVs in stock.
Policy-makers can also create appropriate market signals through emissions regulations, renewable fuel mandates, low-carbon fuel standards and restrictive low emission zones.
Other measures that might be considered include mandatory targets in public sector fleet procurement and allowing AFVs access to high occupancy vehicle (HOV) or bus lanes.
Policy-makers should also work with industry partners to develop consistent codes and standards for production, distribution, storage and use and to develop demonstration programmes through green procurement to increase awareness (Farrell et Policy-makers should also focus on "technological learning" or "learning-by-doing", which can lead to substantial cost reductions and result in "early mover advantage" Public policy should adopt an assertive role in attempting to effect a generational paradigm shift towards a low-carbon vehicle fleet and fuel mix. In the short-to mediumterm, this may involve targeting niche markets such as public transport, airports or university campuses allows innovation and competition to weed out lower-performance technologies before risking broader disruptions, creates a critical level of visibility and awareness and allows the "lead adopters" who have a high willingness to pay for the new technology to be identified (Nesbitt and Sperling, 1998) .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 29 Strategic niche management can be used to create pilot and demonstration programmes where innovative technologies and concepts are tested in order to learn about their positive attributes and allow for wider diffusion (Raven, 2007) . However, Zhao and Melaina (2006) looked at experiences with AFV programmes in both the US and China and concluded that niche markets can provide a good start for AFVs, but do not necessarily lead to expansion into mainstream consumer markets.
Thus, a longer-term transformational framework of transition management will also be required, where policy-makers aim to initiate structural change and regularly re-orient and adjust goals through "reflexive" or "adaptive governance" in order to align short-term conflicts with longer-term ambition and create the conditions for co-evolutionary social, technological and environmental change (Rotmans et al., 2001 ; Kemp and Rotmans, 2004 ).
In the long-term, it is essential that new technological clusters receive continued and sustained research and development (R&D) investments in order to improve performance, identify the potential spill-overs of technological innovation and strengthen "path Other long-term measures might include forced early retirement of older vehicles through mandatory scrappage schemes and possibly mandatory AFV import targets for vehicle manufacturers. Both of these measures might result in a medium reduction in GHG emissions but could increase cost to the consumer, while mandatory import targets would be potentially contentious from an industry perspective .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 31 suppliers, and consumers all make independent decisions, the efficacy of government policies to reduce dependence on fossil fuels is highly dependent on the world price of petroleum.
Ball and Wietschel (2009) have argued that there seems to be a "technology race" between BEVs and the FCEV. While the challenges for batteries are technical and economic in nature, there are cost and safety considerations for fuel cells. Nevertheless, there is unlikely to be a "silver bullet" in the coming decades and the transport sector is likely to demonstrate a much more diversified portfolio of fuels in the future. Notwithstanding that, policy-makers should endeavour to remain "technology-agnostic" and introduce standards or taxation measures that do not incentivise any particular fuel or technology but set the appropriate conditions for consumers and investors. Table 1 indicates that the main barriers to AFVs are related to technical limitations, commercial feasibility and market availability. These are driven to some extent by higher production costs and in turn impact on institutional resistance and public acceptability.
The most policy-relevant barriers, which are regarded as "highly significant", include the availability of alternative fuels and technologies and home or on-street charging in the   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 33 medium-term. The lack of nationwide charging and refuelling infrastructure is the major barrier in the long-term.
A range of policies and measures were evaluated, as can be seen in Table 2 . It was concluded that developing refuelling infrastructure, supported by tax incentives and awareness campaigns, should be prioritised in the short-to medium-term. Longer-term policies and measures that were identified and which could be highly effective include forced retirement of vehicles that do not adhere to specific fuel economy and emission standards and mandatory import targets, although these could result in additional costs for consumers and the domestic vehicle industry, as well as limit consumer choice. It is concluded that the evaluation framework used in this paper could serve as a useful template for the identification and evaluation of barrier and policy priorities and could be modified depending on the system and/or geographical boundary. In addition, it can be adapted and used by policy-makers in order to guide policy priorities and develop national AFV policy strategies or local action plans for strategic niche management. It is sufficiently flexible to be modified for particular jurisdictions, depending on particular consumer choices, policy preferences and the stage of technological innovation.
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